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Abstract 
To investigate Ca 2 +/cation entry pathway in vascular endothelial cells, we examined the effects of thapsigargin on [Ca 2 + ]i and Mn 2 + 
entry in cultured porcine aortic endothelial cells. Thapsigargin hibits the activity of endoplasmic reticulum (ER, intracellular Ca 2+ pool) 
Ca2+-ATPase, and stimulates Ca 2+ entry from extracellular space by depleting intracellular Ca 2÷ pool. Cultured endothelial cells were 
loaded with fura-2/AM, and [Ca2+]i was measured by the ratios of fluorescence at 340/380 nm excitation, and Mn 2+ entry was 
observed by the quenching of fluorescence at360 nm excitation. Thapsigargin elevated [Ca 2* ]i in a time- and dose-dependent manner. 
The increase in [Ca2+]i caused by thapsigargin was lowered in Ca2+-free solution containing 3 mM EGTA. Verapamil (10 -5 M) and 
equimolar replacement of extracellular NaC1 by LiC1 had no effects on the maximum elevation of [Ca 2+ ]i by thapsigargin. The increase 
in [Ca2+] i by thapsigargin was significantly inhibited by either NiC12 (10 -3 M) or membrane depolarization using 50 mM KCI. 
Thapsigargin stimulated Mn 2+ entry concomitantly with the increase in [Ca 2+ ]i. Mn2+ entry was augmented in Ca 2 +-free solution. These 
results suggested that (1) the increase in [Ca2+] i by thapsigargin consisted of both Ca 2+ release from ER and Ca 2+ entry from 
extracellular space, and (2) thapsigargin also stimulated Mn 2+ entry, which was interfered with in the presence of extracellular Ca 2+. 
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1. Introduction 
Vascular endothelial cells are regarded as multifunc- 
tional cells which regulate the permeability between the 
blood and the interstitial tissue as well as being involved in 
the release of vascular relaxing and constricting factors, 
anticoagulation, angiogenesis and various inflammatory 
responses [1-3]. Intracellular calcium ions are known to 
play an important role in the form of signals mediating the 
expression of these functions [4,5]. However, the mecha- 
nisms regulating the concentration of calcium ions in 
vascular endothelial cells have not been adequately clari- 
fied. 
Cell membrane surface agonists such as bradykinin, 
histamine, and thrombin elevate intracellular calcium ion 
concentrations ([Ca2+] i) in endothelial cells, and this ele- 
vation has been reported to be caused by release of cal- 
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cium ions from the endoplasmic reticulum (ER), which 
constitutes the sites of intracellular Ca 2+ pool, as well as 
influx of Ca > from the extracellular space [6,7]. The 
release of Ca 2 ÷ from the intracellular pool has been shown 
to be induced by inositol-l,4,5-triphosphate production, 
which is mediated by phospholipase C after the activation 
of cell membrane receptors [8,9]. 
On the other hand, as regards the influx of Ca 2 ÷ from 
the extracellular space, considerable support is given to the 
capacitative theory, to the effect that the decrease of stored 
Ca 2+ content in the intracellular pool per se acts as a 
signal for Ca 2÷ influx, whereas repletion constitutes a 
signal for the cessation of influx [10,11]. However, the 
precise mechanism and influx pathway have not yet been 
elucidated. 
The tumor promoter thapsigargin is recognized to selec- 
tively inhibit the Ca 2 +-ATPase activity of the ER, imped- 
ing the reabsorption of Ca 2+ and thereby depleting the 
Ca 2÷ content of the ER without the mediation of inositol 
phosphate formation, which in turn causes the influx of 
extracellular Ca 2+ [12,13]. 
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The purpose of the present study is to investigate the 
regulatory mechanisms for [Ca :÷ ]i in vascular endothelial 
cells, and in particular, the pathway for influx of Ca 2+ 
from the extracellular space. The influence of thapsigargin 
upon the intracellular [Ca2+]i in cultured porcine aortic 
endothelial cells was examined. 
2. Materials and methods 
2.1. Cell culture 
Porcine aortic endothelial cells were isolated by the 
method of Spahr and Piper [14]. Briefly, the cells were 
first separated by mechanical scraping from the intima of 
the descending aorta directly below the aortic arch. After 
centrifugation at250 × g for l0 min in M199 solution, the 
cells so obtained were resuspended in M199 solution 
containing 100 IU/ml of penicillin G, 100 /zg/ml of 
streptomycin, 5 /xg/ml of amphotericin B, and 20% new- 
born calf serum, then aliquotted into the polybiphenyl 
dishes fixed onto cover glasses, and cultured in an incuba- 
tor at 37 ° C under 5% CO 2 for two days. 
2.2. Measurement of lCa 2 + ]i 
After two days of cultivation, the endothelial cells 
adhering to the cover glass were incubated for 45 min in 
modified Tyrode's solution (150 mM NaC1, 2.7 mM KCI, 
1.2 mM KH2PO 4, 1.2 mM MgSO 4, 1.0 mM CaCI 2, and 
30.0 mM Hepes) containing 10% new-born calf serum and 
2 /zM fura-2/AM. Fura-2/AM passively crosses the 
plasma membrane, and once inside the cell, is cleaved to 
cell-impermeant products as fluorescent Ca 2÷ indicator by 
intracellular esterases. The cells were subsequently washed 
three times with modified Tyrode's olution to remove the 
fura-2/AM from the extracellular fluid. The experimental 
chamber was then placed on the stage of an inverted 
fluorescence microscope (Nikon TMD), and the endothe- 
lial cells adhering to the cover glass set in the focal plane 
of the objective lens (Nikon Fluor (40 × )). The absorption 
shift of fura-2 that occurs upon binding can be determined 
by scanning the excitation spectrum between 340 and 380 
nm while monitoring the emission at 510 nm. The fluores- 
cent image was analyzed with an [Ca2+] i analyzer (Argus 
50, Hamamatsu Photonics) using a ultrahigh sensitivity 
television camera (CCD). The fluorescence ratio R was 
obtained by dividing, pixel by pixel, the 340-nm image 
after background subtraction by the 380-nm image after 
background subtraction [15]. Intracellular calibration was 
performed in accordance with the method of Li et al. [16]. 
In order to obtain the maximum Rma x or minimum Rmi n 
value of the fluorescence ratio, after fura-2 loading, the 
endothelial cells were exposed to modified Tyrode's solu- 
tion containing 10/zM ionomycin and 3 mM of Ca 2+ or 5 
mM ethylene glycol-bis (/3-aminoethyl ether)-N,N,N',N'- 
tetraacetic acid (EGTA), respectively. [Ca2+]i was then 
calculated by the following formula [17]. 
[Ca 2+ ] i= KdX /3X ( R -  Rmin) / (  Rmax-  R) 
Here, K d denotes the dissociation constant of fura-2, 
and /3 the ratio of the fluorescence r sulting from excita- 
tion with 380 nm light of ionomycin-treated cells exposed 
to 5 mM EGTA and to 3 mM Ca 2 +. 
Stock solutions of thapsigargin were provided in anhy- 
drous dimethyl sulfoxide at 1 mM. Thapsigargin was 
applied to the preparations by diluting stock solutions 
directly in the chamber. All changes in perfusate were 
achieved without the introduction of bubbles to the tissue 
chamber to avoid mechanical artifacts during the experi- 
ment. 
2.3, Measurement of Influx of Mn: + 
Fura-2 has a higher affinity for Mn 2+ (K d = 5.33 nM) 
than for Ca 2+. The binding of Mn 2+ quenches fura-2 
fluorescence [ 18,19]. Since the absorption of fura-2 excited 
at 360 nm is not affected epending on [Ca 2+ ]i, the decline 
of fluorescence excited at 360 nm can be used to monitor 
Mn 2+ influx into cells [20]. 
2.4. Statistical analysis 
Data are expressed as mean + S.E. Student's non-paired 
t-test was used for statistical analysis, and P < 0.05 was 
regarded as significant. 
2.5. Reagents 
Medium 199 was purchased from Boehringer (Man- 
nheim, FRG), new-born calf serum, penicillin G, and 
streptomycin from GIBCO (New York, USA), fura-2/AM 
from Dojindo (Kumamoto, Japan), and thapsigargin and 
other reagents from Sigma (New York, USA). 
3. Results 
3.1. Effects of Thapsigargin upon [Ca 2 + ]i 
[Ca2+]i in porcine aortic endothelial cells was elevated 
by thapsigargin a concentration-dependent manner (Fig. 
1). Introduction of thapsigargin at a concentration f 10 -6 
M caused a rise in [Ca2+] i from the initial value of 42 ___ 6 
nM to a maximum of 1665 __+ 151 nM 4 min after introduc- 
tion; subsequently, the concentration gradually declined, 
but even 30 min after introduction it was still high and 
550 _ 14 nM (Fig. 1A). The maximum elevation of [Ca z÷ ]i 
induced by thapsigargin was dose-dependent i  the range 
of thapsigargin concentrations between 10 -v M and 10 -5 
M (Fig. 1B). 
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3.2. Influence of extracelhdar Ca 2+ upon elevation of 
[Ca2+1 i 
To evaluate the contribution of extracellular Ca 2÷, the 
changes of [Ca 2+ ]i caused by thapsigargin was studied in a 
Ca 2÷ free solution containing 3 mM EGTA. A small 
reduction of basal [Ca2+]i from 42 nM to 24 nM was 
observed in the absence of ,external calcium. In this condi- 
tion, thapsigargin caused an elevation of [Ca2+] i from an 
initial value of 24 + 4 nM to a maximum of 689 +__ 168 
nM, representing a significant inhibition of the rise in 
[ Ca2÷ ]i as compared with the control group (from 42 -t- 6 
nM to 1665 _ 151 nM) (Fig. 2). This result demonstrated 
that the elevation of [Ca ::÷ ]i due to thapsigargin was 
principally due to influx of Ca 2÷ from the extracellular 
space. 
3.3. Influence of voltage-dependent Ca2 ÷ channels and 
Na +/Ca 2 + exchange meci~anism 
A 10 -5 M concentration of verapamil, a voltage-depen- 
dent Ca 2 ÷ channel blocker, slowed the onset of the thapsi- 
gargin-induced rise in [Ca :~+ ]i, however, failed to inhibit 
the peak elevation of [Ca2+]i (Fig. 3). Replacement of 
Na ÷ in the extracellular fluid by a equivalent quantity of 
Li ÷ was without effect on [Ca 2÷ ]i in control condition 
(Fig. 4A). Although it seemed to slow the onset of the 
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Fig. 1. Effects of thapsigargin on [Ca 2+ ]i in endothelial cells (A). 
Thapsigargin (10 -6 M) was added at time 0 indicated by the arrow. 
Dose-response curve of the effect of thapsigargin on [Ca 2+ ]i in endothe- 
lial cells (B). The maximum elevation of [Ca 2+ ]i induced by each 
concentration of thapsigargin are plotted. The results are represented as 
mean + S,E. (n = 10 cells). 
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Fig. 2. Effects of thapsigargin (10 -6 M) on [Ca 2+ ]i in the presence or 
absence of extracellular Ca 2+. Thapsigargin was added at time 0 indi- 
cated by the arrow in Ca2+-free solution containing 3 mM EGTA (open 
circles) and in usual modified Tyrode's solution containing 1 mM Ca 2+ 
(closed circles). The results are represented as mean + S.E. (n = 10). 
thapsigargin-induced rise in [Ca 2÷ ]i, the maximum eleva- 
tion of [Ca 2+ ]i caused by thapsigargin was not attenuated 
in the Na+-free Li + solution (Fig. 4B). These findings 
suggests that the involvements of a voltage-dependent 
Ca 2+ channel and/or Na+/Ca 2+ exchange mechanism in 
the intracellular influx of Ca 2 ÷ are slight or negligible in 
this study. 
3.4. Influence of Ni 2 + and high K ÷ 
Pretreatment of endothelial cells with NiC12, a non- 
specific cation channel blocker, significantly attenuated 
thapsigargin i duced increase in [Ca 2÷ ]i (229 + 19 nM in 
the presence of NiCI 2 vs. 1665 + 151 nM in the absence 
of NiCI 2) (Fig. 5A). Likewise, membrane depolarization 
by changing solution from normal Tyrode's olution to the 
solution containing 50 mM KC1, significantly blocked 
thapsigargin-induced increase in [Ca2+]i (567 + 73 nM in 
depolarized cells vs. 1665 + 151 nM) (Fig. 5B). 
3.5. Effects of thapsigargin upon influx of Mn 2 + 
Administration of thapsigargin (10 -6 M) was associ- 
ated with an increase in the ratio of fluorescence intensities 
arising from excitation at 360 nm and 380 nm (correspond- 
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Fig. 3. Effects of verapamil on thapsigargin (10 -6 M)-induced changes 
of [Ca 2+ ]i. Endothelial cells were treated with verapamil (10 -5 M) 5 
min before the addition of thapsigargin. The results from verapamil-treated 
group (open circles) and non-treated group (closed circles) are repre- 
sented as mean+S.E. (n = 10). 
160 N. Yamamoto et al. / Biochimica et Biophysica Acta 1266 (1995) 157-162 
ing to [Ca2+] i) from 1.05 + 0.03 to a maximum of 1.82 + 
0.15, significantly higher than the corresponding increase 
in the group untreated with thapsigargin (from 0.9 + 0.02 
to 1.03 + 0.03) (Fig. 6A). In this experiment, he fluores- 
cence intensity caused by 360 nm light excitation in the 
group untreated with thapsigargin declined gradually to 
70 + 5% of its initial value 450 s after introduction of 
Mn z+. This is attributed principally to the passive leakage 
of Mn 2÷ into the cells, or to bleaching of the fluorescence. 
In the thapsigargin-treated group, the intensity of fluores- 
cence excited by 360 nm light was significantly lowered to 
40 + 4% of its initial value 450 s after introduction of 
Mn 2 +. This indicated that thapsigargin enhanced the influx 
of Mn 2+ into the cells (Fig. 6B). Furthermore, in a Ca 2÷- 
free extracellular solution, introduction of thapsigargin 
caused a decrease in fluorescence intensity to 17 + 3% of 
its initial value 450 s after introduction of Mn 2÷, represent- 
ing a significant further decrease as compared with the 
corresponding experiment performed in an extracellular 
fluid with a 1 mM Ca 2+ concentration (Fig. 7). This result 
suggested that the Mn 2+ influx caused by thapsigargin 
might be competitive with the Ca 2+ influx. To clarify the 
relationship between thapsigargin-induced Mn 2+ influx and 
the presence of extracellular Ca 2 +, an attenuation of fluo- 
rescence intensity excited at 360 nm light, which repre- 
sents Mn 2+ influx, was investigated in solutions contain- 
ing various combinations of Ca 2+ and Mn z+ concentra- 
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Fig. 5. Effects of NiCI 2 and membrane depolarization on thapsigargin 
(10 -6 M)-induced changes in [Ca 2+ ]i. A: Endothelial cells were treated 
with NiC1 z (final concentration 1 mM) 5 min before the addition of 
thapsigargin at time 0. The results from NiClz-treated group (open 
circles) and non-treated group (closed circles) are represented as mean ± 
S.E. (n = 10). B: Endothelial cells were depolarized by changing solution 
from normal Tyrode's solution to the solution containing 50 mM KCI 5 
rain before the addition of thapsigargin at time 0. The results from 
membrane depolarized group (open circles) and non-depolarized group 
(closed circles) are represented as mean __+ S.E. (n = 10). 
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Fig. 4. Effect of replacement of NaC1 by LiC1 on [Ca 2+ ]i in endothelial 
cells (A), and on thapsigargin (10 -6 M)-induced changes in [Ca 2+ ]i. A: 
NaC1 was replaced by equimolar LiC1 at time 0 indicated by the arrow. B:  
Thapsigargin was added at time 0 to endothelial cells incubated with 
NaCI (closed circles) or LiC1 (open circles). The results are represented as
mean± S.E. (n = 10). 
tions. The fluorescence intensities 90 s after introduction 
of thapsigargin were expressed as percentages of the initial 
fluorescence at moment of introduction of thapsigargin in 
solutions containing the various combinations of Ca 2+ and 
Mn 2÷ concentrations (Table 1). In solutions with a fixed 
Mn 2+ concentration of 1 mM, increasing Ca 2+ concentra- 
tion was associated with increasing fluorescence intensity 
and decreasing influx of Mn 2+. On the other hand, in 
solutions with a fixed Ca 2+ concentration of 1 mM, in- 
creasing Mn 2÷ concentration was associated with de- 
creased fluorescence intensity, indicating increased influx 
of Mn 2÷. 
4. Discussion 
[ Ca2+ ]i in cultured porcine aortic endothelial cells was 
significantly increased by thapsigargin, attaining a maxi- 
mum 4 min after introduction of thapsigargin, and gradu- 
ally declining thereafter. In experiments performed with 
Ca2+-free solutions to exclude an influx of extracellular 
Ca 2+, the increase in [Ca2+] i was attenuated and was 
transient. This indicated that the initial increase in [Ca 2÷ ]i 
caused by thapsigargin depends on both the Ca 2+ mobi- 
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Fig. 6. Effects of thapsigargin (10 -6 M) on fluorescence ratio at 360/380 
nm and the fluorescence intensity at 360 nm (% of initial fluorescence). 
Data in A and B were simultaneously collected from the same endothelial 
cells. The fluorescence ratio at 360/380 nm is related to the value of 
[ Ca2÷ ]i in endothelial cells (A). The fluorescence intensity at 360 nm (% 
of initial fluorescence) is the isovestic point of fura-2, which does not 
change depending on [Ca 2+ ]i, and its decrease represents he influx of 
Mn 2+ from extracellular space (B). Endothelial cells were treated with 
MnCI 2 (1 mM) 150 s prior to the application of thapsigargin. The results 
from thapsigargin-treated group (closed circles) and non-treated group 
(open circles) are represented asmean _+ S.E. (n = 10). 
lization from intracellular Ca 2+ storage sites and the influx 
of extracellular Ca 2+, while the subsequent sustained ele- 
vation is due principally to the influx of Ca 2+ from the 
extracellular space. 
Endothelial cells have been reported to differ from 
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Fig. 7. Effects of extracellular Ca 2+ on Mn 2+ influx induced by 
thapsigargin (10 -6 M). Endothelial cells were treated with MnC12 (1 
mM) 150 s prior to the application of thapsigargin the presence (close 
circles) or absence (open circles) of extracellular Ca 2÷. The results are 
represented asmean_+S.E. (n = 10). 
Table 1 
Fluorescence intensity at 360 nm (% of initial fluorescence) in various 
extracellular concentrations of Ca 2+ and Mn 2÷ 
% of initial fluorescence 
Solution %fluorescence 
Mn 2+ 1 mM Ca 2+ 0 mM 67.0_+4.2 a 
Ca 2+ 0.5 mM 76.7+2.1 a.Ns 
Ca 2+ 1 mM 79.2+2.3 a,NS 
Ca 2+ 1 mM Mn 2+ 0 mM 95.2_+0.6 b 
Mn z+ 0.5 mM 81.5_+2.2 b,NS 
Mn 2+ 1 mM 79.2_+2.3 b,NS 
Fluorescence intensity was measured at 90 s after application of thapsi- 
gargin (10- 6 M). The results are represented asmean + S.E. (n = 14). 
a p < 0.05 vs Ca 2+ 0 mM. 
bp<0.01  vsMn 2+ 0mM. 
myocardial cells in lacking voltage-dependent Ca 2+ chan- 
nels [21,22]. Additionally the influx of Ca 2+ into endothe- 
lial cells stimulated by agonists such as bradykinin, his- 
tamine and thrombin has been reported to be mediated not 
by Na+/Ca 2÷ exchange mechanisms [23], but by cell 
membrane depolarization [24]. In this study both verapamil 
and LiCI slowed the onset of the thapsigargin-induced rise 
in [Ca 2÷ ]i. Since we have no data to explain this effect, we 
cannot exclude the possibility that voltage-dependent Ca 2÷ 
channel and Na+/Ca 2÷ exchange are involved in thapsi- 
gargin-induced Ca 2÷ increase. However, the finding that 
both verapamil and LiCI failed to block the maximum 
increase in [Ca 2÷ ]i caused by thapsigargin, suggests that 
the role of voltage-dependent Ca 2+ channel and Na+/Ca 2+ 
exchange is slight or negligible in this study. 
The mechanism of Ca 2÷ influx is not known. However, 
an electrophysiological study using bradykinin suggested 
that Ca 2+ influx in bovine aortic endothelial cells could be 
through an activation of a nonspecific ation channel(s) 
[25]. In the present study, thapsigargin-induced influx of 
Ca 2 + was significantly decreased by cell membrane depo- 
larization due to a high-K + (50 nM) extracellular fluid. 
This finding supported the deduction that the influx of 
Ca 2+ induced by thapsigargin depends upon an electro- 
chemical driving force across the cell membrane. Further- 
more, thapsigargin-induced Ca 2+ influx was markedly in- 
hibited by Ni 2+, which has been regarded as a nonspecific 
blocking agent at cation channels. Indeed, Ni 2+ reduced 
the peak thapsigargin response to 229 nM, well below that 
occurring in the presence of EGTA, 689 nM. It might be 
possible that Ni 2+ could be permeate via this cation 
channel and affect he function of intracellular Ca 2 + store. 
It has been shown that the signal for emptying of intra- 
cellular Ca 2+ store stimulates Ca z+ influx across the 
plasma membrane. Since there must be a close relationship 
between intracellular Ca 2+ store and the channel of cell 
membrane, it is likely that the modification of cation 
channel of cell membrane might interact with the internal 
Ca 2+ store and affect the amount of released Ca 2+ from 
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the site. The results from this study suggested that Ca 2+ 
influx could be attenuated in the presence of Ni 2+ or high 
concentration of K +, which might reflect a passive perme- 
ability pathway including such a non-specific ation chan- 
nel(s). This finding agrees with results obtained in recent 
years by electrophysiological studies using thapsigargin 
[261. 
Accordingly, for the purpose of ascertaining whether 
thapsigargin also promotes the influx of cations other than 
Ca 2+, experiments were performed using Mn 2+ as indica- 
tor of cation influx, and the results verified that the influx 
into endothelial cells of Mn 2+ as well as Ca 2+ is promoted 
by introduction of thapsigargin. Furthermore, when the 
concentrations of Ca 2+ and Mn 2+ in the extracellular fluid 
were varied, the thapsigargin-induced influx of Mn 2+ sig- 
nificantly decreased as the extracellular Ca 2+ concentra- 
tion increased, suggesting that the Ca 2+ influx and Mn 2+ 
influx induced by thapsigargin might be mutually competi- 
tive. Reports appearing in recent years indicate that Ca ~+ 
influx into endothelial cells due to agonist stimulation is 
also accompanied by Mn 2+ influx [27-29]. However, 
many aspects of the mechanism of this influx still remain 
obscure. Mn 2+ influx enhanced by agents such as his- 
tamine and thrombin, like Ca 2+ influx, is activated by 
decreases in the Ca 2+ content of intracellular Ca z+ storage 
sites, and regulated by the degree of repletion of these sites 
[27,29]; the pathways of Ca 2+ and Mn 2÷ influx in this 
process are not identical, but are reported to possess 
certain common features [29]. In the present experiments, 
endothelial cells underwent sustained exposure to thapsi- 
gargin, resulting in continued inhibition of the Ca 2+- 
ATPase activity of the ER, and therefore there presumably 
existed no great difference between the various experimen- 
tal groups with respect o the degree of depletion of the 
Ca 2+ storage sites in the endothelial cells. Under such 
conditions the differences of thapsigargin-induced Mn2÷ 
influx observed with various concentrations of Ca 2+ in the 
extracellular fluid, seem not to reflect he differences in the 
degree of depletion of the intracellular Ca 2 ÷ storage sites. 
The mechanism of interaction between Mn 2+ and Ca 2÷ 
influx stimulated by thapsigargin was not elucidated in the 
present study, but it seems possible that the two cations 
may enter through the common pathway and compete at 
the sites of this pathway. 
To summarize, the results of the present study indicated 
that the elevation of [Ca 2+ ]i in cultured porcine aortic 
endothelial cells induced by thapsigargin consisted of both 
Ca 2+ release from intracellular storage sites and influx of 
Ca 2÷ from the extracellular space. Furthermore, thapsigar- 
gin also enhanced the influx of another cation, i.e., Mn 2 +, 
and the mutual influence of Mn 2+ and Ca 2+ influx was 
recognized. 
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